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1 INTRODUCTION

This report summarizes a series of tests designed to evaluate the performance characteristics
of the Guralp Systems CMG-3S broad band borehole deployable seismometer system conducted
by the United States Geological Survey’s (USGS) Albuquerque Seismological Laboratory
(ASL). This evaluation program was conducted in conjunction with and under contract from the
Department of Energy’s (DOE) Sandia National Laboratories (SNL). The experimental data was
gathered during the months of October, November, and December of 1989. This report contains
a chronological history of the study, presents the detailed results of the analysis of the data and
draws conclusions concerning the performance of this seismic sensor system.

Although the CMG-3S sensor system is borehole deployable, it was not possible to evalu-
ate the system in a borehole configuration at ASL because all of the ASL boreholes are too small
to accommodate this sensor system. Therefore, it was necessary to conduct all the measurements
in the ASL surface vault facility. This was not a major restriction because the ASL surface vault
is essentially as quiet as a borehole at long periods under no-wind night time conditions. How-
ever, the borehole environment is unique because the mechanical coupling between the sensor
system and the earth in a borehole is quite different than it is in a typical vault installation. In
addition, boreholes are frequently rather dirty environments and frequently the humidity is quite
high. These conditions were not evaluated by thls study because they could not be realistically
duplicated in the ASL vault.

Various aspects of the sensor’s performance in several environments were investigated to
determine the effects of operation under different conditions. An experiment was conducted to
determine whether or not the sensor was sensitive to atmospheric pressure changes. The charac-
teristics of a new installation technique, which consisted of bonding the sensor to the vault floor
partially encased in a block of plaster of Paris, were tested to determine its effects on instrument
performance. The effects of a partial vacuum within the sensor cases was evaluated by pumping
the cases down with a roughing pump, sealing the cases, and monitoring their operation. Finally,
the CMG-3S performance was monitored when installed on three point leveling plates in a pro-
tected environment. Of the four test configurations, this configuration most closely approxi-
mates the probable conditions of a borehole installation.

All of the data presented herein has been analyzed with the direct model for processing data
from side-by-side seismometer tests (see Holcomb, 1989). This represents the first real world
application of this method to analyze test results. The major advantage of this method of analy-
sis lies in the fact that the model yields unique estimates of the system noise levels for both sen-
sors even if the two sensors under test have significantly different levels of system noise. In
contrast, noise estimates derived from the coherence function yield only one common noise
estimate for both sensors; if the true system noise levels for the two sensors are really quite dif-
ferent, this coherence derived noise estimate is truly representative of neither sensor.

Since this is the first application of the direct method to the analysis of real sensor data the
derivation of a direct method for calculating the noise levels of two sensors in a side-by-side
evaluation is repeated here. This will provide a complete documentation of the derivation of the
method and its application in one volume. The bulk of this derivation was presented previously
(see Holcomb 1989); it was slightly extended later (see Holcomb 1990).



2 MODEL MATHEMATICAL RELATIONSHIPS

The system to be evaluated is modeled in Figure 2.1 where X is assumed to be the coherent
ground motion power spectral density (PSD) input to both systems. All quantities in the figure
are assumed to be functions of frequency. Experimentally, the observer does not know X, N,,

and N,; the signals appearing at ports 1 and 2 are the only two time functions whose PSD func-
tions (P,, and P,,) are available for measurement and analysis. In addition, the system transfer
functions (H, and H,) are assumed to be known. The circle containing "S" denotes a summing
Jjunction.

Ny

X —P

H2 —=— Poo

N2

Figure 2.1 Linear system model of side-by-side evaluation of two seismometer systems.

2.1 BASIC MODEL EQUATIONS

Figure 2.1 contains a block diagram depicting the configuration of two seismometer systems
operating in close enough proximity to one another that the seismic signal input power X may be
assumed to be at the same level and coherent between the sensors. The two systems are assumed

to have system transfer functions H, and H, which are not necessarily equal. In addition the sen-
sors are assumed to be generating incoherent self noise powers N, and N, referred to the input,
not necessarily equal.

The relationships between power at various points in the block diagram in Figure 2.1 can be
written in terms of system equations which relate the power outputs from the systems to the

power appearing at the inputs of the systems. The power spectral density of the output of system
1 is given by

P, = H, [ [X+N] Equation 2.1



and the same quantity for system 2 is
Py, = H, |’ [X +N)) Equation 2.2
The cross spectral density between the outputs of the two systems may be written as
P,=HHX Equation 2.3

where H, represents the complex conjugate of H,.

2.2 SOLUTION OF MODEL EQUATIONS

The solution of these three equations depends on the desired information one needs to
acquite. In the case of test and evaluation of two seismometers operating side-by-side, one fre-
quently needs estimates of the noise levels associated with the subject instruments. This infor-
mation can easily be obtained directly from the three equations without resorting to intermediate
definitions of additional quantities such as the coherence function or the signal-to-noise ratio

(SNR) as follows. Simply solve Equation 2.1 for N, to yield

P, .
N,= s—X Equation 2.4
B, | )
Substituting for X from Equation 2.3 yields "
P P
= -—"—2 -2 s Equation 2.5
|H,[" HH,
Similarly, solving Equation 2.2 for N, and substituting for X from Equation 2.3 yields
P P -
= -—22—2 - S Equation 2.6
|H,|° H\H,

The two system noise power spectra in Equations 2.5 and 2.6 are expressed in terms of
directly measurable quantities at the outputs of the two test systems and the system transfer func-
tions. It is important to observe that both noise estimates are evaluated independently from one
another. This means that it is possible to directly obtain noise estimates from two sensors whose
noise characteristics are significantly different from one another.



3 COHERENCE

Since the system noise spectra can be derived directly, as has been demonstrated above, the
question arises as to the utility of the coherence function. The coherence function can be used to
make preliminary estimates of the systems SNR'’s and to place lower limits on the SNR’s as will
now be shown.

The coherence function is defined as (see Bendat and Piersol, 1971 p 32)

'Y2=IP|2|2

Pl lP22
Substituting for Py,, P,,, and P, from equations 2.1, 2.2, and 2.3 respectively yields
;e |HHX P
|H, P IX+N\] |H, | [X +N]

The response functions divide out of the expression leaving

Equation 3.1

Equation 3.2

2
Y== X Equation 3.3
X“+X(N,+N,)+N N,

-

Inverting, multiplying both sides by X?, and dividing both sides by N,N, yieldé

1 X2 x* X X
R R T | Equation 3.4
PNN, NN, N, N, quanon

Rearranging we have

XX 1) X X §
1= |+=4+=%1=0 Equation 3.5
N.N,( 72) N N, !

This expression relates the power SNR’s of the two channels to the coherence and it is in
the form of the general equation of an equilateral hyperbola. Figure 3.1 presents the interrela-
tionship of the two channel SNR’s for 9 values of coherence spaced 0.1 apart and Figure 3.2
extends the plot to high values of coherence extending from 0.90 to 0.99.

The asymptotes to these hyperbolas are given by
—=—=— Equation 3.6

Therefore, given a value of the coherence between the output signals of a side-by-side test
of two instruments, the power SNR'’s in both instruments must be at least as high as the value
given by Equation 3.6. Since it is unlikely that, under low background conditions, the SNR on
one instrument will greatly exceed that in the other if the PSD’s are somewhat equal, the plots in
Figures 3.1 and 3.2 can be used to obtain quick estimates of the system SNR's.

e



[

The special case of equal SNR’s in both channels can be analyzed by letting N, =N,
( I-VJ-(: = g;) in Equation 3.5 and solving for the quadratic for the SNR. The root is found to be

—=—=— Equation 3.7

This condition is the special case of equal noise in both sensors which was modeled at ASL
earlier (see Peterson et al. 1980).
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Equation 3.6 can be solved for N,=N, =N to yield

1
N =X(-— l) Equation 3.8
,Y‘Z
and substituting for X from equation 2.3
P, (1
N=—2 _(— - 1) Equation 3.9
HH;\Y



Equation 3.9 can be used to calculate absolute upper limits based on the coherence (the asymp-
totic limits) for the noise in both sensors involved in a test. The noise estimates calculated from
equations 2.5 and 2.6 should both lie below that indicated by equation 3.9 throughout the sensor
passband. .



4 DATA PROCESSING

The analysis of the data acquired by the ASL Harvard type experimental (ALQX) digital
recording system was conducted on the ASL Microvax II cluster using algorithms and software
written at ASL. A brief summary of the data collection system and highlights of the processing
algorithms will be outlined here.

4.1 Raw Data Preprocessing

The ALQX digital data recording system recorded all of the long period data from the
CMG-3S sensors and the STS-1 sensors. The ALQX digital data system is a combination 16 bit
and 24 bit recording system which produces four bands of data for each channel. It is capable of
recording three channels of 16 bit data; the data flow in a typical 16 bit channel is shown in Fig-
ure 4.1. It is also capable of recording three channels of 24 bit data; the data flow in a typical 24
bit channel is shown in Figure 4.2. In addition, there are three more 16 bit channels, but since
they were not utilized in recording the data for this report, they will not be described herein.

The data is recorded on 150 megabyte 1/4 inch data cartridges after data compression using
a first difference compression algorithm developed at Harvard by Joe Steim (see Halbert et al.
. 1988, Appendix A).

The data from the tapes produced by the recording system are first reformatted, decom-
pressed, and time aligned while being dumped on disk. Then the data is low pass filtered at a
period appropriate to prevent aliasing due to the decimation which follows. Next, the time series
is decimated by a factor of 2, divided into segments which are arbitrarily positioned in time, and
a 50% overlap between time segments is generated. Then a Hanning window is applied to each
segment. Finally, the Fast Fourier Transform (FFT) of each segment is calculated (see Stearns,
1975, p 265 for the algorithm used) and stored in a disk file to serve as the processed data base.
Each processed data base normally contains several days of time continuous FFT data.

4.2 Final Data Processing

The object of the data analysis of side-by-side test data is to resolve the internal system
noise in the two sensors under evaluation. Seismic instrument noise is most easily resolved dur-
ing time periods when the system input is at its lowest levels; that is, when the seismic input due
to earthquakes, explosions, wind etc. is at its minimum (see Holcomb, 1990 for an analysis of
noise analysis errors arising from sensor misalignment in the presence of high levels of seismic
background). The selection of time periods during which the seismic background is low is fre-
quently quite laborious because it is usually done by visual inspection of analog records. There-
fore, a rather simple algorithm has been derived at ASL to perform this function automatically
thereby freeing the analyst from the visual drudgery, and freeing the results from the analyst’s
bias.

First, the total system output power levels (P,; and P,, in Figure 2.1) were evaluated by cal-

culating the power contained in the FFT’s of their respective output time series; then the PSD
bins between 10 and 100 seconds are summed for each PSD segment and the sums stored.
Assuming that instrument self noise is relatively constant with time, the PSD segments for which
these sums are small represent time periods during which seismic input to the sensors was low.
The algorithm then assumes that the seismic input will be free of "event” data 10% of the time
and selects the quietest 10% of the PSD segments to be included in the final analysis.
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There is a major assumption involved in this process; both sensors are assumed to be
equally noisy and the noise is assumed to be evenly distributed over time. This assures that vari-
ations in the PSD sums are due to variations in seismic input. Unfortunately, this assumption
does not strictly hold because seismic sensor systems frequently contain noise sources which
generate noise in bursts and bursts are not necessarily time coincident between channels. This
means that quiet segment sums on one channel do not necessarily correspond in time to quiet



segment sums on other channels. Since system noise level calculations must be made on time
coincident segments from two channels, one of the channels may contain noise bursts not dis-
criminated against by the quiet segment selection algorithm operating on data from the other
channel. Since the noise sources associated with burst noise normally die out with time the
assumptions made in the algorithm become more realistic the longer the instrument has been
installed.

Investigations conducted during the study contained herein indicated that the algorithm
described above performed better if the PSD bins were summed between 30 and 100 seconds
instead of between 10 and 100 seconds. This change eliminated the effects of variations in the
18 second microseism peak as criteria in selecting the segments. It enhanced the effects of
instrument noise on the segment selection process in the 30 to 100 second portion of the spec-
trum; long period instruments tend to be noisy in this band.

Once the 10% quietest PSD segments are identified by this algorithm, they were smoothed
using a combination of ensemble averaging and frequency smoothing (see Bendat & Piersol pp.
329-330). The number of segments included in each ensemble average is not constant since it is
dependent on the total length of the input time series. The frequency smoothing algorithm,
which is used to smooth in the frequency domain, was the one developed earlier by one of the
authors (see Holcomb, 1989, pp. 6-2 through 6-5).



5 PRELIMINARY HIGH FREQUENCY TESTS

Initial measurements at high frequencies were made to assure that the instruments were
functioning properly and to become familiar with their operation. The initial high frequency
measurements were also intended to be a cross check with high frequency measurements con-
ducted in the shotgun boreholes at SNL’s FACT site. The initial installation technique consisted
of super glueing 3 small (approximately 1/4" in diameter) steel ball bearings to the bottom of
each sensor package approximately 120° apart and setting the packages on the concrete floor of
the ASL extemal vault. In addition, a new installation technique, which consisted of potting the
two CMG-3S sensors in a block of plaster of paris, was evaluated. In both installations, the
packages were located within approximately 5" of each other and were visually oriented parallel
with each other.

A Hewlett Packard 3562A spectrum analyzer was used to conduct the high frequency mea-
surements. This instrument is a modem 14 bit digital spectrum analyzer which is capable of
simultaneously digitizing data from two input channels and performing complex spectral
analysis of the accumulated data. It is preprogramed to calculate and display on screen and on
plotter output all of the usual spectral quantities of interest such as histogram, power spectral
density, coherence, auto correlation, and transfer function magnitude and phase. In addition it
can be programmed to perform additional calculations as desired. Therefore, it is a powerful tool
for use in measurements such as those being made in this study.

5.1 TYPICAL VAULT INSTALLATION .

As supplied from the factory, the CMG-3S sensors were not equipped with the usual adjust-
able vault installation feet because they were intended solely for borehole installation. The pos-
sibility of simply placing the flat bottomed sensor cases directly on the concrete floor of the vault
was investigated, but this procedure did not result in a stable installation because the vault floor
was not flat to the degree necessary to provide simultaneous contact with the entire sensor base.
Therefore, it was necessary to adapt the sensors to provide a three point installation capability.
Three ball bearings whose diameter was approximately 1/4" were glued to the base of the sensof
cases with super glue. The balls were evenly spaced at approximately 120° apart and were posi-
tioned near the edges of the base.

Figures A.1, A.2, and A.3 contain the uncorrected PSD estimates for the vertical, north, and
east components respectively when the two CMG-3S sensors were installed on ball bearing feet.
A comparison of the uncorrected PSD estimates (power specl and power spec2 for each compo-
nent) in Figures A.1, A.2, and A.3 reveals that there are significant differences in the PSD esti-
mates obtained from the two sensors particularly in the portion of the spectrum centered about 50
Hz. All three components of the PSD for the first sensor (power specl) contains a large "hump"
near 50 Hz whereas this hump is significantly reduced in the PSD of the second sensor horizontal
sensors and completely absent in the PSD of the second sensor vertical component. Careful
study will reveal other differences in the spectra of the two sensors individual components.
These "humps" are believed to be installation dependent because experience has shown that they
frequently move around in frequency from installation to installation.



Figures A4, A.5, and A.6 contain the uncorrected instrument noise PSD estimates and
coherence functions for the vertical, north, and east components respectively. The Lajitas low
noise model lies at -80 db in all three of these figures. The vertical component noise level (Fig-
ure A.4) lies below the Lajitas noise out to about 12 Hz, the north component noise level (Figure
A.5) lies below the Lajitas noise out to about 15 Hz (if we ignore the abnormally high levels
below 4 Hz), and the east component noise level (Figure A.6) lies below the Lajitas noise out to

" about 8 Hz. These values are significantly less than the corresponding values as measured in the
shotgun boreholes at the SNL FACT site. All three component’s estimated noise levels at FACT
were below the low noise model out to beyond 20 Hz.

5.2 POTTED IN PLASTER OF PARIS

For years, the authors have toyed with the idea of using a potting medium as a means of
installing seismometers in both boreholes and vaults. This type of installation procedure should
result in a very rigid coupling of the sensors to the earth thereby producing an improved repro-

- duction of the motion of the ground. Since the CMG-3S sensors had no factory supplied legs, it
was decided that this would be an excellent opportunity to evaluate this installation procedure.

The existing surface of the concrete floor in the ASL vault had a shiny smooth finish.
Therefore, the area in which the CMG-3S sensors were to be installed was roughed up with a
hammer and chisel to create a rough surface for the potting medium to bond to. Plaster of paris
was chosen as the potting material because it was readily available, was easy to work with, and it
would be fairly easy to remove after the experiment was completed. The two sensors were
potted in a 50 cm by 50 cm by 25 cm high block of plaster of paris poured directly on the newly
roughed floor of the vault. The top inch or two of the sensor projected above the plaster of paris
block and the two sensors were positioned about 1 inch apart. The were visually positioned par-
allel to one another prior to pouring the plaster of paris in the potting form.

Figures A.7, A.8, and A.9 contain the uncorrected PSD estimates for the vertical, north, and
east components respectively when the two CMG-3S sensors were potted in plaster of paris. A
comparison of the uncorrected PSD estimates (power specl and power spec2 for each compo-
nent) in Figures A.7, A.8, and A.9 indicates that the individual component power spectra were -
much more similar when the two sensors were potted than they were when they were installed on
ball bearing feet. In fact, differences in the power spectra obtained from different instruments
are difficult to visually identify. Note that there are no obvious "humps" in the uncorrected PSD
estimates in Figures A.7, A.8, and A.9.

Figures A.10, A.11, and A.12 contain the uncorrected instrument noise PSD estimates (non-
coh) and coherence functions (coherence) for the vertical, north, and east components respec-
tively. Here again, the Lajitas low noise model lies at -80 db in all three figures. Potting in
plaster of paris significantly extends the frequency at which the estimated noise levels reach the
low noise model for all components. Under potted conditions, the vertical estimated PSD noise
level reaches the low noise model at about 13 Hz, the north estimate reaches the model at about
23 Hz, and the east estimate reaches the model at about 20 Hz. These numbers very closely
approximate the same data as measured in the shotgun boreholes at the SNL FACT site. For
some reason, the vertical component was the noisiest channel in both sets of measurements.



It is evident that potting the two sensors significantly improved their noise level perfform-
ance over that shown when installed on ball bearing legs. The most probable explanation for the
improvement is that the sensors were held more rigidly to the ground when they were potted.
This improved the coupling of ground motion into the sensors. It is important to emphasize the
change in the overall character of both the uncorrected PSD estimates and the instrument noise
PSD estimates when the installation method was changed from ball bearing legs to potting in
plaster of paris. All of the PSD estimates obtained from the potted installation are much
smoother than those obtained from the ball bearing leg installation. The authors believe that the
"bumps" or roughness which are usually observed at high frequencies in the PSD estimates for
the unpotted installation, and for that matter in most other commonly used methods of installa-
tion, are caused by mechanical resonances within the sensor package. Potting the sensor in a
dense medium (at least plaster of paris is denser than air) effectively damps any resonances in the
sensor.

In the past 20 years or so, modemn sensor design has advanced to the point that the typical
internal sensor system noise is below input signal levels at most quiet sites. As a result, develop-
ing new and improved installation methods is rapidly becoming the name of the game in both
long and short-period seismology because the noise contributed by the installation frequently
dominates noise arising from the sensor itself. Quieter installation techniques are badly needed
and greater effort should be devoted to devising improvements in this area in the future.



6 PRESSURE SENSITIVITY

Experience with long period sensors in the past has shown that operating horizontal sensors
in sealed cases can lead to excessive noise at long periods due to tilt motions induced by bending
of the sealed case, which in tum is caused by extemal atmospheric pressure variations. Since the
CMG-3S cases are sealed, it was decided to check for pressure sensitivity in these sensors by
isolating the CMG-3S sensors from atmospheric pressure changes.

Both CMG-3S sensors were installed side-by-side inside a bottomless high gain long period
(HGLP) pressure tank in the external ASL vault room. This tank was bottomless in the sense
that the original 0.5 inch thick steel bottom of the tank had been removed to leave an approxi-
mately 3 inch wide rim round the outside edge of the bottom. This rim had then been bonded to
the concrete floor of the vault to yield an air tight seal between the tank and the floor; at least the
seal was air tight at the periods of interest. The same experimental setup had been used in the
past to conduct pressure sensitivity evaluations of other long period sensors. The sensors were
installed on leveling plates by placing their flat bottoms directly the plates. The plates were three
point screw adjustable leveling plates which facilitate independent rough preliminary leveling of
each unit to level them to within the range of the intemal CMG-3S leveling process. The adjus-
ting feet in the leveling plates rested directly on the epoxy paint coated concrete floor in the bot-
tom of the tanks. Previous experience with sensors containing active devices had revealed that
air convection within the tank can be a problem because of the heat given off by such sensors.
Therefore, a lighted 60 watt light bulb was placed outside the tank resting on top of the tank lid
to provide heat to stratify the air inside the HGLP tank to subdue air convection. .A capped pipe
fitting plumbed into the side of the tank provided a means whereby the tank could be easily
vented or sealed.

6.1 SEALED IN HGLP TANK

The first tests were conducted with the HGLP tank sealed. One parallel horizontal compo-_
nent from each of the CMG-3S sensors and one parallel component from an STS-1 horizontal
were recorded on the ALQX data system. The two CMG-3S sensors were visually aligned with
one another by observing them from above and positioning them as parallel as possible with the
markings provided. They were both aligned with the STS-1 sensor in the cross tunnel by visu-
ally extrapolating the STS-1 alignment from the cross tunnel into the extemnal vault room.
Therefore, there may be an error in the alignment between the STS-1 sensor and the two
CMG-3S sensors. The two CMG-3S sensors were positioned approximately 12 cm apart; the
STS-1 sensor was located approximately 10 meters from the CMG-3S sensors. This distance
should be insignificant at the periods of interest.

Figures 6.1 and 6.2 contain comparative noise estimates as calculated with the direct model
of a side-by-side test of the CMG-3S (A) horizontal and STS-1 horizontal respectively. This data
was obtained while the two instruments were operated in a sealed HGLP tank for a little over 3
days. As noted in the figure captions, the CMG-3S (A) horizontal data was used as the basis for
selecting the quiet time segments to be included in the data presented in both figures. The seg-
ments actually selected by the automatic segment selection algorithm are depicted in Figures 6.3
through 6.6, which contain time plots of most of the data actually collected. Each selected
segment is approximately one hour and eight minutes long; the selected segments are enclosed
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installed in a sealed HGLP tank. The CMG-3S CMG-3S (A) horizontal selected the segments,
(A) horizontal selected the segments.

by square brackets in the figures. No segments were selected from day 349; therefore the data
collected on that day has not been plotted. All of the time domain data presented in this report
has been low-pass filtered with a 15 second cutoff and plotted with a magnification of approxi-
mately 10K at 25 seconds. Low-pass filtering the data at 15 seconds emphasizes the time plots
in the part of the spectrum in which the sensors are likely to be noisy thereby making it easier to
compare the time plots with the PSD estimates. The low pass filtering and high magnification
plot also facilitate the visual identification of low level features in the time domain. The ampli-
tude of the time domain data has been deliberately clipped by the plotting software to prevent the
peaks of large amplitude signals from obscuring data in adjacent time traces.

Note that the two total PSD estimates in Figures 6.1 and 6.2 virtually overlay one another
out to around 25 seconds. Above 25 seconds, the raw PSD estimate for the CMG-3S horizontal
becomes larger than that for the STS-1 horizontal up to about 100 seconds. Above 100 seconds,
the character of the STS-1 horizontal noise is quite abnormal. The noise level is much higher
than is normally the case with these high quality instruments. Note also that the estimated noise
PSD levels for both of the instruments are quite similar from 4 to approximately 25 seconds.
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Figure 6.3 Time record for day 347 of the CMG-3S (A) horizontal when installed in a
sealed HGLP tank.
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Figure 6.4 Time record for day 348 of the CMG-3S (A) horizontal when installed in a
sealed HGLP tank.
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Figure 6.5 Time record for day 350 of the CMG-3S (A) horizontal when installed in a
sealed HGLP tank.



Figure 6.6 Time record for day 351 of the CMG-3S (A) horizontal when installed in a
sealed HGLP tank.



The estimated noise PSD in this part of the band (4 to 25 seconds) is probably not repre-
sentative of the true noise level in either instrument. Instead, it is probably due to alignment
error between the two horizontal components. An earlier analysis (see Holcomb, 1990)
demonstrated that errors in alignment in side-by-side tests results in apparent system noise,
which is shaped more or less like the seismic background, and which lies at a fixed distance
below the seismic background across the band. The PSD noise estimates in both Figures 6.1 and
6.2 from 4 to 25 seconds approximate these characteristics quite well. Both instrument noise
estimates lie approximately a factor of 40 below their respective total power estimates (the total
power estimates should be very close to the seismic background in this part of the spectrum
because sensor noise is typically far below background signals in this band) and their shape
approximates the total power estimate. A SNR ratio of 40 translates into a possible misalign-
ment of approximately 11° (see Figures 6.20 and 6.21 of Holcomb, 1990). Therefore, the true
instrument noise in the band extending from 4 to 25 seconds for both sensors probably lies
somewhat below the levels shown in the two figures; it is probably well below the indicated lev-
els at shorter periods.
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Figure 6.9 Time record for day 347 of the CMG-3S (B) horizontal when installed in a
sealed HGLP tank.
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Figure 6.10 Time record for day 348 of the CMG-3S (B) horizontal when installed in a
sealed HGLP tank.



gz AN MAMA A WA e e W VAW AN c2
22 s§z§§§§§§3§§s§§i§§§? 22
e YU LA U MVRA R MRS W R 2
-oz R L A Ve O R e VTS o2
61 E%Egé%%%%ﬁg%ééé%&ggéz 61

I
L1 ~ M ¥ [A
J-

91 T g
g1~ A~ S st amen sl
1 W s ¥l
el MWW M=
21 VW —~ -~ 21
144 W —V L&
ot ~ ~ o1
6 — 8
8 - N 8
L —_—L ~N_ e~ - — L
9 % — At e A ettt aant e Vi S
g s AN v = S
§ — —~ e e Ve A ANV g
€ . v N —\ V- g

2

1

0

Figure 6.11 Time record for day 349 of the CMG-3S (B) horizontal when installed in a

sealed HGLP tank.

-10



20
21
22
23

.%
%

[ = B

H | f} e
; !
iw T

< B
#g'ﬁ TL‘
! .
i " *$ (
_ ) 2’ (1

«

10
11
12
13
14
15
18
17
18
19
20
21
22
23

0 © - © o

Figure 6.12 Time record for day 350 of the CMG-3S (B) horizontal when installed in a
sealed HGLP tank.
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As Figures 6.7 and 6.8 demonstrate, the general character of the noise estimates for the
CMG-3S (B) horizontal are approximately the same as those obtained for the (A) horizontal
above. Here again, the noise estimates for the CMG-3S (B) horizontal and the STS-1 horizontal
are nearly the same from 4 to approximately 25 seconds thereby indicating that the calculated
noise estimates in this band are due to instrument misalignment. The general level of the noise
estimates in the band extending from 4 to 25 seconds for CMG-3S (B) and the STS-1 in Figures
6.7 and 6.8 are slightly lower (the noise PSD estimates are approximately a factor of 100 smaller
than the total PSD estimates) than those in the same band for CMG-3S (A) and the STS-1 in
Figures 6.1 and 6.2. Therefore, the degree of misalignment between the CMG-3S (B) and the
STS-1 horizontal must be of the order of approximately 8°. Above 25 seconds, the noise esti-
mates for the two instruments are unique and comparable to those obtained above. From 25 to
100 seconds, the noise estimates for sensors A and B are virtually identical; above 100 seconds
sensor B may be slightly quieter.
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Above 25 seconds the estimated noise level for the CMG-3S horizontal is progressively
larger than that for the STS-1 horizontal. In addition, both noise estimates lie less than a factor
of 10 below their respective total power estimates. Since a given misalignment error creates a
fixed separation between the seismic background and the alignment generated noise at all peri-
ods, and since the estimated noise levels above 25 seconds are unique, these estimates are prob-
ably representative of true instrument noise in this part of the spectrum.

Figures 6.7 and 6.8 contain direct model noise estimates for the side-by-side evaluation of
the CMG-3S (B) horizontal and the STS-1 horizontal. In these two figures, the quite segments
from the CMG-3S (B) horizontal data were used to select the data to be included in the two fig-
ures. The time domain segments selected by the segment selection algorithm are shown in Fig-
ures 6.9 through 6.12. The STS-1 horizontal used in this evaluation is the same horizontal used
in the CMG-3S (A) evaluation above.

Figures 6.13, 6.14, 6.15, and 6.16 contain noise estimates obtained from a direct model
analysis of the data from CMG-3S (A) and the CMG-3S (B) horizontals when compared with
each other. Figures 6.13 and 6.14 contain the results of using the CMG-3S (A) horizontal as the
basis for selecting the quiet segments whereas Figures 6.15 and 6.16 contain the results of using
the CMG-3S (B) horizontal to select the quiet segments. The actual segments selected for the
two sets of PSD estimates are the same as those shown in Figures 6.3 through 6.6 and 6.9
through 6.12 respectively.

Between 4 and 25 seconds, the noise estimates for the two CMG-3$ horizontal components
compared with one another, as shown in Figures 6.13, 6.14, 6.15, and 6.16, are approximately a
factor of 60 below the level of the total power. This fact means that the two CMG-3S horizon-
tals were misaligned by about 10°. A misalignment this large seems to be a bit excessive, but it
is quite possible since the two sensors were visually aligned.

The reader may note that, since the STS-1 horizontal with which the two CMG-3S horizon-
tals were compared with in Figures 6.1, 6.2, 6.7, and 6.8 was the same STS-1 horizontal, and that
since the indicated degree of misalignment of the two CMG-3S sensors with this common STS-1
sensor were 8° and 11°, the misalignment between the two CMG-3S sensors should be either 3°

or 19°. A possible explanation for this discrepancy lies in the difficulty in visually estimating the
SNR between 4 and 25 seconds because, as an inspection of the figures will indicate, the SNR is
not constant over the period interval. There may also be more than one process which is contrib-
uting to the apparent instrument noise level in this band. For instance, cross-axis coupling has
been proven to be a contributor of apparent instrument noise which is shaped like the
background spectrum (see Durham, 1982) The object herein is not to obtain a quantitative esti-
mate of the degree of the possible misalignment; the object is to explain why the estimated noise
levels are so high in this portion of the spectrum and why they resemble the earth’s background
in the shorter period end of the spectrum.

Above 25 seconds, the self noise PSD estimates for the CMG-3S (A) horizontal obtained by
a direct model analysis of the CMG-3S (A) and CMG-3S (B) data as shown in Figure 6.13 are
approximately the same as the self noise PSD estimates for the CMG-3S (A) horizontal obtained
by a direct model analysis of the CMG-3S (A) and STS-1 data as shown in Figure 6.1. Simi-
larly, above, 25 seconds, the self noise PSD estimates for the CMG-3S (B) horizontal obtained
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noise PSD of the CMG-3S (B) horizontal when noise PSD of the CMG-3S (A) horizontal. The
installed in a sealed HGLP tank. The CMG-3S CMG-3S (B) horizontal selected the segments.-
(B) horizontal selected the segments

by a direct model analysis of the CMG-3S (B) and CMG-3S (A) data as shown in Figure 6.15 is
approximately the same as the self noise PSD estimates for the CMG-3S (B) horizontal obtained
by a direct model analysis of the CMG-3S (B) and STS-1 data as shown in Figure 6.7. The fact
that the direct model calculated noise estimates obtained from a comparison of two moderately
noisy sensors (CMG-3S (A) and CMG-3S (B)) are approximately the same as the same estimates
obtained from a comparison of a moderately noisy sensor with a fairly quiet sensor (CMG-3S
(A) and STS-1) is indicative of the power of the direct model analysis procedure.

However, the self noise PSD estimates for the CMG-3S (A) horizontal shown in Figure 6.16
are considerably higher than the self noise PSD estimates for the CMG-3S (A) horizontal shown
in Figures 6.1 and 6.13. Likewise, the self noise PSD estimates for the CMG-3S (B) horizontal
shown in Figure 6.14 are considerably higher than the self noise PSD estimates for the CMG-3S
(B) horizontal shown in Figures 6.7 and 6.15. These higher noise estimates are due to the seg-
ment selection process and the fact that both of the CMG-3S horizontals were "burping” during
the test period.
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A "burp" is defined (by these authors at least) as a randomly distributed excursion in the
time signal, which frequently appears in the time domain much like the linear impulse response
of the system. They are readily evident in the time domain plots above; for instance, there are
two burps near the end of hour 17 and two more slightly earlier in hour 18 of Figure 6.4. The
two very large signals near the middle of hour 15 of Figure 6.4 are probably also burps; note that
they are also evident in the time record for CMG-3S (B) (see Figure 6.10) but at a greatly
reduced amplitude. A comparison of Figures 6.3 through 6.6 with Figures 6.9 through 6.12
shows that the burps on the CMG-3S (A) horizontal are not necessarily time coincident with the
burps on the CMG-3S (B) horizontal. This indicates that these signals are not due to ground
motion; instead, they are believed to be either generated within the seismic sensor itself or are
somehow associated with the physical installation of the sensor. They are probably mechanical
in origin; small mechanical movements are probably translated into mechanical tilts of the sens-
ing mechanism. As a result, burps are usually larger in amplitude and more frequent on horizon-
tal than on vertical sensors. Burps are a common phenomena on most long period seismic
systems and both the amplitude and the frequency of occurrence usually decay out with time if
the system is left undisturbed long enough.

" The fact that the data selected to be analyzed to create Figures 6.13 and 6.14 was based on
the data from CMG-3S (A) means that burps in the CMG-3S (A) output were edited out of the
data used to create Figure 6.13 by the segment selection algorithm whereas burps in the CMG-3S
(B) output were not necessarily edited out of the data used to create Figure 6.14. Therefore, the
CMG-3S (B) PSD noise estimate of Figure 6.14 appears to be noisier than it does in Figures 6.7
and 6.15 in which the data from the CMG-3S (B) was used to select the segments, The same
argument explains why the noise PSD estimate for CMG-3S (A) in Figure 6.16 is noisier than
the corresponding noise estimates in Figures 6.1 and 6.13. All of the noise estimates should be
nearly equal if the instruments were not burping.

6.2 VENTED IN HGLP TANK

Next, the same two sensors were operated in a "vented” HGLP tank. Venting was achieved
by removing the cap from a 3/4 inch diameter pipe, which was plumbed into the tank base. This
allowed air pressure to equalize between the inside and the outside of the HGLP tank. No other
changes were made; the sensors were not physically moved, the tank was not opened, the record-
ing system was not stopped, etc..

Figures 6.17 and 6.18 contain comparative noise estimates of the CMG-3S (A) horizontal
and the STS-1 horizontal respectively during the time that the CMG-3S (A) sensor was operated
in the vented tank for almost 3 days. The CMG-3S (A) horizontal selected the segments which
were included in the analysis. The segments actually selected are enclosed in square brackets in
Figures 6.19 and 6.20.

A visual time domain comparison of the CMG-3S (A) horizontal operation in a vented tank
contained in Figures 6.19 and 6.20 with the CMG-3S (A) horizontal operation in a sealed tank
contained in Figures 6.3 through 6.6 indicates that there is no detectable difference in the time
records. Both the frequency and amplitude of the burping seems to be about the same under the
two conditions.
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Figure 6.17 Estimated total PSD and self Figure 6.18 Estimated total PSD and

noise PSD of the CMG-3S (A) horizontal when self noise PSD of the STS-1 horizontal. The
installed in a vented HGLP tank. The CMG-3S CMG-3S (A) horizontal selected the segments.
(A) horizontal selected the segments.

A comparison of the estimated instrument noise levels (V,) for vented tank operation in Fig-

ure 6.17 with the estimated instrument noise levels (V,) for sealed tank operation Figure 6.1

reveals that there was no detectable change in the performance of CMG-3S (A) in a vented
versus a sealed tank. From 4 to 25 seconds, the calculated noise levels lie at approximately the
same distance below the total noise curves thereby indicating approximately the same degree of
misalignment. Above 235 seconds the calculated noise levels in the two figures are virtually iden-
tical. This indicates that the noise levels indicated in Figure 6.17 for operation in a vented tank
are not significantly contaminated by pressure induced bending of the CMG-3S case. If bending
of the sensor case were a problem, the vented noise levels in Figure 6.17 should be greater than
the sealed noise levels in Figure 6.1.
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Figure 6.19 Time record for day 350 of the CMG-3S (A) horizontal when installed in a
vented HGLP tank.
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Figure 6.20 Time record for day 351 of the CMG-3S (A) horizontal when installed in a
vented HGLP tank.



Figures 6.21 and 6.22 contain comparative noise estimates of the CMG-3S (B) horizontal
with the STS-1 horizontal respectively during the time that the CMG-3S (B) sensor was operated
in the vented tank. The CMG-3S (B) horizontal selected the segments which were included in
the analysis. The segments actually selected are enclosed in square brackets in Figures 6.23 and
6.24.

A visual time domain comparison of the CMG-3S (B) horizontal operation in a vented tank
contained in Figures 6.23 and 6.24 with the CMG-3S (B) horizontal operation in a sealed tank
contained in Figures 6.9 through 6.12 indicates that there is no detectable difference in the time
records. Both the frequency and amplitude of the burping seems to be about the same under the
two conditions.
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Figure 6.25 Estimated total PSD and self Figure 6.26 Estimated total PSD and
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installed in a vented HGLP tank. The CMG-3S when installed in a vented HGLP tank. The -
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A comparison of the estimated instrument noise levels (V,) for vented tank operation in Fig-

ure 6.21 with the estimated instrument noise levels (,) for sealed tank operation in Figure 6.7

indicates that there was no detectable change in the performance of CMG-3S (B) in a vented
versus a sealed tank either. The calculated noise levels are approximately the same across the
band under both sealed and vented test conditions.

Figures 6.25 and 6.26 contain instrument noise estimates obtained from a direct model anal-
ysis of the two CMG-3S horizontal sensors when compared with one another while operating in
a vented HGLP tank. The (A) sensor horizontal selected the segments included in the analysis;
therefore, the segments included in the data are depicted in Figures 6.19 and 6.20. Notice that,
above about 30 seconds, the noise estimates for the CMG-3S (A) horizontal obtained from a
direct model analysis of the data from the two CMG-3S horizontals operating in a vented tank in
Figure 6.25 are approximately equal to the noise estimates for the CMG-3S (A) horizontal
obtained from a direct model analysis of the data from the CMG-3S (A) and STS-1 horizontals
under the same conditions as shown in Figure 6.17.



Similarly, Figures 6.27 and 6.28 also contain instrument noise estimates obtained from a
direct model analysis of the two CMG-3S horizontal sensors when they were compared with one
another while operating in a vented HGLP tank. However, in this case, sensor (B) selected the
segments; the segments included in the data are shown in Figures 6.23 and 6.24. Above about 30
seconds, the noise estimates for the CMG-3S (B) horizontal yielded by comparing the two
CMG-3S horizontals in the vented tank shown in Figure 6.27 are again approximately equal to
the noise estimates for the CMG-3S (B) horizontal obtained by comparing it with the STS-1 hor-
izontal as shown in Figure 6.21.

The four sets of data presented in Figures 6.17, 6.18, 6.21, 6.22, 6.25, 6.26, 6.27, and 6.28
illustrate the power and versatility of the direct model for analyzing data from a side-by-side
evaluation of two sensors. This method yields accurate and consistent estimates of sensor sys-
tem noise regardless of whether the two sensors are approximately equally noisy or not.
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noise PSD of the CMG-3S (B) horizontal when self noise PSD of the CMG-3S (A) horizontal
installed in a vented HGLP tank. The CMG-3S when installed in a vented HGLP tank. The
(B) horizontal selected the segments. CMG-3S (B) horizontal selected the segments.



7 POTTED IN PLASTER OF PARIS

This section presents the results of long period measurements of the two CMG-3S sensors
while they were potted in the same plaster of paris block as was described in Section 5.2 on high
frequency measurements. The main object of potting the sensors in plaster of paris was to
improve the coupling of the sensors to the floor at high frequencies. However, it is also impor-
tant to characterize their performance at long periods when enclosed in the potting material.
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Figure 7.1 Estimated total PSD and self Figure 7.2 Estimated total PSD and self

noise PSD of the CMG-3S (A) vertical when noise PSD of the STS-1 vertical. The CMG-3S
potted in plaster of paris. The CMG-3S (A) (A) vertical selected the segments.
vertical selected the segments.

Space restrictions in the cross tunnel dictated that the potting experiment be located in the
main ASL vault. This meant that the potted CMG-3S sensors were located approximately 10
meters from the reference STS-1 sensors located in the cross tunnel; this distance is not believed
to be excessive in the period band over which the evaluation was conducted. The existing sur-
face of the concrete floor in the ASL vault has a shiny smooth finish. Therefore, the area in
which the CMG-3S sensors were to be installed was roughed up with a hammer and chisel to
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Figure 7.3 Time record for day 293 for the CMG-3S (A) vertical while it was potted show-
ing the time segments selected by the automatic segment selection algorithm for inclusion in the
direct model analysis of system noise.



create a rough surface for the potting medium to bond to. Plaster of paris was chosen as the pot-
ting material because it is readily available, easy to work with, and it would be fairly easy to
remove after the experiment was completed. The two sensors were potted in a 50 cm by 50 cm
by 25 cm high block of plaster of paris poured directly on the newly roughed floor of the vault.
The top inch or two of the sensor projected above the plaster of paris block and the two sensors
were positioned about 1 inch apart. The were visually positioned parallel to one another prior to
pouring the plaster of paris in the potting form.

The whole installation was then covered with a polystyrene box to reduce the effects of air
motion and resulting tilt on the horizontal sensors.

Figures 7.1 and 7.2 contain noise estimates as calculated with the direct model of a side-by-
side test of the CMG-3S (A) vertical and the STS-1 vertical respectively. As noted in the figure
captions, the CMG-3S (A) vertical data was used as the basis for selecting the quiet time
segments to be included in the data presented in both figures. The segments actually selected by

1 IERLRERSA 1 IBRLARALY LR ELBRRA

Eﬁ' crrreet i rrriim T T IIITlL
= SNL CMG~3S EVALUATION = E SNL, CMG-3S EVALUATION T
SELF NOIST. POWER SPECTRAL DENSITY 16719 SELF NOISE POWER SPECTRAL DENSITY -
CMG-3S VERTICAL (8) % STS-1 VERTICAL 3
m n 0—o—a = N3 0————9 2
st
E E i g
p= -l — ' ‘5
95% CONFIDENCE L - oF 95% CONFIDENCE. LINITS—————
19
g g
3 3 = 3
w13 N i ~13(” ]
B j“\/ 3 “E 5
ot \ A ) w4l
E \ | - 2
= = = o
C - = -
-18 18
10 E V/L \ ? 10 E ﬁ
"'5 el \ “ 157180 ]
o E g E 3
E- E \ = E o -
~17 | ~17f" )
1017 Fa.\ / 107!
& = o -
g xo‘“’E: rad /g E Tl ;
= 25-JUL-90 (LGH) K___/‘ E % 26-JUL~90 (LCH) 3
E ~1el” 16:29:14 INM E 16:24:04 NM -
£ 10 R [N ERET] Lyt g 15 R EEET LYt
1 10 100 1000 1 1000
PERIOD, SECONDS PERIOD, SECONDS
Figure 7.4 Estimated total PSD and self Figure 7.5 Estimated total PSD and self

noise PSD of the CMG-3S (B) vertical when  noise PSD of the STS-1 vertical. The CMG-3S
potted in plaster of paris. The CMG-3S (B) (B) vertical selected the segments.
vertical selected the segments.
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Figure 7.6 Time record for day 293 for the CMG-3S (B) vertical while it was potted show-

ing the time segments selected by the automatic segment selection algorithm for inclusion in the
direct model analysis of system noise.



the automatic segment selection algorithm are depicted in Figure 7.3, which contains a time
domain plot of all of the data actually collected for the CMG-3S (A) vertical. Each segment is
approxunately one hour and eight minutes long; the selected segments are enclosed by square
brackets in Figure 7.3.

Note that the two total PSD estimates (P,, and P,,) in Figures 7.1 and 7.2 virtually overlay

one another out to around 25 seconds. Above 25 seconds, the total PSD estimate for the
CMG-3S vertical becomes progressively larger than that for the STS-1 vertical at longer periods.
Note also that the estimated noise levels (V, and N,) for both of the instruments are quite similar

from 4 to approximately 25 seconds.
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Figure 7.7 Estimated total PSD and self Figure 7.8 Estimated total PSD and self

noise PSD of the CMG-3S (A) vertical when noise PSD of the CMG-3S (B) vertical when
potted in plaster of paris. The CMG-3S (A) potted in plaster of paris. The CMG-3S (A)
vertical selected the segments. vertical selected the segments.



The estimated noise PSD in this part of the band is probably not representative of the true
noise level in either instrument. Instead, it is probably due to alignment error between the two
vertical components. An earlier analysis (see Holcomb, 1990) demonstrated that errors in align-
ment in side-by-side tests results in apparent system noise, which is shaped more or less like the
seismic background, and which lies at a fixed distance below the seismic background across the
band. The PSD noise estimates in both Figures 7.1 and 7.2 from 4 to 25 seconds approximate
these characteristics quite well. Both noise estimates (N, and N,) lie a factor of 1000 to 100
below the total power estimate (P,, and P,,) (the total power estimate should be very close to the
seismic background in this part of the spectrum because sensor noise is typically far below back-
ground signals in this band) and their shape approximates the total power estimate. Ratios of
1000 to 100 translate into possible misalignments of from 2° to 10° (see Figures 6.20 and 6.21 of
Holcomb, 1990). The true instrument noise in the band extending from 4 to 25 seconds for both
sensors probably lies somewhat below the levels shown in the two figures; it is probably well
below the indicated levels at shorter periods.
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Figure 7.9 Estimated total PSD and self Figure 7.10 Estimated total PSD and self

noise PSD of the CMG-3S (B) vertical when noise PSD of the CMG-3S (A) vertical when
potted in plaster of paris. The CMG-3S (B) potted in plaster of paris. The CMG-3S (B)
vertical selected the segments. vertical selected the segments.



Above 25 seconds the estimated noise level for the CMG-3S vertical is progressively larger
than that for the STS-1 vertical. In addition, both noise estimates lie less than a factor of 100
below their respective total power estimates. Since a given misalignment error creates a fixed
separation between the seismic background and the alignment generated noise, and since the esti-
mated noise levels above 25 seconds are unique, these estimates are probably representative of
true instrument noise in this part of the spectrum.

Figures 7.4 and 7.5 contain direct model noise estimates for the side-by-side evaluation of
the CMG-3S (B) vertical and the STS-1 vertical. In these two figures, the quiet segments from
the CMG-3S (B) vertical data were used to select the data to be included in the two figures. The
time domain segments selected by the segment selection algorithm are shown in Figure 7.6. The
STS-1 vertical used in this evaluation is the same vertical used in the CMG-3S (A) evaluation
above.
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Figure 7.11 Estimated total PSD and self Figure 7.12 Estimated total PSD and

noise PSD of the CMG-3S (A) horizontal when self noise PSD of the STS-1 horizontal. The
potted in plaster of paris. The CMG-3S (A) CMG-3S (A) horizontal selected the segments.
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